Abstract Current research suggests that strategies to control sediment and phosphorus loss from non-point sources should focus on different runoff components and their spatial and temporal variations within the river basin. This is a prerequisite for determining effective management measures for reducing diffuse source pollution. Therefore, non-point source models, especially in humid climatic regions, should consider variable hydrologically active source areas. These models should be able to consider runoff generation by saturated overland flow, as well as Hortonian overland flow. A combination of the hydrological model WaSiM-ETH and the erosion and Ptransport model AGNPS was chosen for this study. The models were run in the WaSiM runoff generation mode (Green & Ampt/TOPMODEL or Richards equation approach) and the SCS curve number mode to assess the effect of these different runoff calculation procedures on the dissolved phosphorus yield. A small and a medium-sized river basin, of the area of 1.44 and 128.9 km 2 , respectively, in central Germany were selected for the investigation. The results show that the WaSiM-AGNPS coupling produces more accurate results than the SCS curve number method. For the spatial distribution, the more physically-based model approach computed a much more realistic distribution of water and phosphorus yield-producing areas.
INTRODUCTION
This study is an extension of previous work by the authors, which investigated the transport of sediment Ollesch et al., 2004) and particulate phosphorus (PP) in river basins in central Germany. In these previous studies, it was shown that an improvement in the simulation of the sediment and particulate phosphorus yield is attained using a more physically-based and spatially differentiated description of the hydrological component in erosion modelling. In this paper, emphasis is placed on the transport of dissolved phosphorus (DP). Due to the different transport pathways and processes of DP, it is not obvious if such a step is necessary or if another approach is required to improve DP modelling. (Here, DP is understood to be the total phosphorus in solution that has passed through a 0.45 µm mesh filter (as defined by Haygarth & Sharpley, 2000) .)
Dissolved (soluble) phosphorus
Since phosphorus (P) is a limiting nutrient for primary production in many surface waters, much attention has been given to reducing the anthropogenic P-loading into receiving waters. Great progress has been made in reducing the point loading to surface waters in Germany (de Witt & Behrendt, 1999) . However, this progress is not reflected in the diminution of the non-point P-loading. Since a major component of phosphorus is transported attached to sediment from land surfaces to surface waters, many erosion control measures are applied to diminish P input to receiving waters. An example is the use of buffer zones and grasslands along surface waters to reduce the transport of sediment and particulate phosphorus (PP). Studies quoted in Uusitalo et al. (2000) have shown that, although these measures decreased the PP runoff concentrations, dissolved phosphorus (DP) concentrations actually increased. Hence, management schemes for reducing DP are receiving more attention (Braun et al., 2001; Weissroth, 2000) . An additional concern is that DP transported from land surfaces to receiving waters is immediately available for algal growth, which can accelerate eutrophication (Ekholm et al., 1999) . The DP:PP mass ratio in river water can be as high as 1:1 (Rode & Frede, 1997; Gburek & Sharpley, 1998) . Gburek & Sharpley (1998) also determined that the long-term DP load from their study sites was distributed 70:20:10% for stormflow : elevated baseflow : baseflow. This emphasises the impact DP has on the total export of phosphorus during storm events. The DP export becomes even more pronounced in basins that are drained with drainage tiles (Dils & Heathwaite, 1999; Djodjic et al., 2000) .
Modelling DP
Numerous approaches for modelling the transport of DP have been developed, but the majority of these studies are limited to soil columns, plots and hillslopes. Modelling approaches on the river-basin scale are still in their infancy and are still empirically based. For example AGNPS (Agricultural Non-Point Source), which extends the chemical transport used in CREAMS (Chemicals, Runoff, and Erosion from Agricultural Management Systems), describes DP in the runoff, DP runoff , as:
where f POR is a porosity factor; I EFF is effective infiltration (mm); P AVS is available phosphorus in the surface due to fertiliser application (kg ha -1 ); P AVR is available phosphorus due to residual levels in soil (kg ha -1 ); P DMV is the leaching movement rate (1 day -1 ); P RMV is the runoff movement rate (1 day -1 ); and R OFF is the total runoff (mm). The first term on the right-hand side of equation (1) is the original CREAMS formulation, where DP runoff is controlled by the P status of the upper soil layer (Yli-Halla et al., 1995) , the surface runoff and the rate (or extraction coefficient) of P movement into the surface runoff. The second term extends the original formulation to include leaching of a fraction of P applied as fertiliser. This serves only as a bulk description since there is no differentiation of the mechanisms that may control the temporal variation of soluble phosphorus transport. These include ionic strength, water-to-soil ratio, sorption-desorption isotherms (Yli-Halla et al., 1995) , and the depth of the interactive soil layer (Ekholm et al., 1999) . The hydrological component in the approach is empirical and rudimentary. This is also the case in many other models that simulate DP transport. The model ICECREAM, developed by the Finnish Environmental Institute, is an extension of the CREAMS formulation adapted to Nordic climates (Rekolainen & Posch, 1993) . The extensions pertain only to the formulations describing snowmelt and soil frost. More complex models, such as MORPHO (Pudenz, 1999) and ANIMO (Groenendijk & Kroes, 1999) , calculate DP transport in both the unsaturated and saturated soil zones, but only the vertical transport component in the unsaturated zone is considered, not the lateral hillslope transport. Lewis & McGechan (2002) provide a comparative overview between GLEAMS (a CREAMS derivative) and ANIMO in which additional DP transfer processes, such as sorption, mineralization and plant uptake are also included. Whelan et al. (2002) also describe DP transfer empirically and only through the unsaturated soil.
The approach taken in this study is not to improve accuracy of the empiricism describing DP transport but to improve the hydrological description of solute transport to include lateral flow in the unsaturated zone. This was accomplished by coupling a physically-based hydrological model, in which interflow is simulated, to an erosion model. In addition, equal weight should be given to the processes of hydrology and phosphorus transport. Hence, importance is given here to an improved hydrological description, especially on the river-basin scale. Weld et al. (2001) and Petry et al. (2002) also stress the importance of a refined hydrological description for the assessment of nutrient fluxes in agricultural basins.
Replacing curve number (CN) with physically-based runoff components
Many erosion models have a very simplified description of runoff. This is in part due to the historical development of erosion models, the first of which were developed and tested for plots and hill slopes. An example is the erosion model AGNPS used in this study which incorporates the SCS curve number (CN) method. There are several weaknesses in the approach: (a) the method is strictly empirical and it is difficult to make any process interpretation and analysis (Beven, 2001 ); (b) only one runoff component is simulated, which is the total runoff volume generated from excess infiltration during a storm; (c) CN is modified to incorporate antecedent moisture conditions; however, this approach is based on rough empiricism in which the moisture conditions are grouped in three classes of 5-day total antecedent rainfall: <0.5, 0.5-1.1 or >1.1 inches; (d) the approach was developed in semiarid and arid locations in the southwestern part of the USA where a majority of the runoff is generated as excess infiltration. However, the climate in Germany is humid and runoff via saturated surfaces is also an important component to be considered. The CN approach has been modified for this particular climate (Lutz, 1984) , however, the approach remains an empirical one. When simulating the material transport in these river basins with humid climate, additional runoff processes (such as saturated surface runoff) become important and a more exact and differentiated description of the runoff is required. Due to these weaknesses the CN runoff in AGNPS was replaced with runoff components simulated from a more physically-based model whose runoff components are differentiated to include runoff from excess infiltration (Horton) and saturated surfaces and discharge from interflow and baseflow directed into the channels.
The aim of this study is to show how an improved hydrological description improves the accuracy of the DP transport simulation of river basins. Both a smallsized and a medium-sized basin are used to investigate the spatial plausibility and accuracy of the approach.
METHODOLOGY

Model coupling
Calculating the transport of DP from a river basin was conducted using a coupling of two models: (a) WaSiM-ETH (Water regime Simulation Model; Schulla, 1997) (hereafter referred to as WaSiM), which simulates the hydrology of river basins in space (grid) and successively in time (minute to day intervals). Runoff generated from both excess infiltration and saturated surfaces can be modelled using either a Green & Ampt/TOPMODEL approach, or using the Richards equation. The Green and Ampt equation calculates surface excess infiltration in which surface runoff first occurs when the soil capacity for infiltration has been exceeded. The TOPMODEL approach (Beven & Kirkby, 1979 ) uses a topographic index to determine potential saturated surfaces in the river basin in relation to the mean soil moisture conditions. Soil water exfiltration occurs at these surfaces when soil water exceeds the amount that can be transported by evaporation and capillary forces. The Richards equation formulates water flow through the unsaturated soil in relation to the hydraulic conductivity and the soil water potential, both of which are dependent on the soil water content. The model has been complemented with a new snow temperature module to modify the soil water regime during frozen soil conditions (details in Ollesch et al., 2004) . (b) AGNPS (version 5) (Agricultural Non-Point Source), developed by the US Department of Agriculture (Young et al., 1995) , is a distributive raster-oriented model to calculate erosion in a river basin. Runoff volume is calculated using the SCS curve number method with modifications for German conditions (Lutz, 1984) . Erosion is computed using a revised version of the Universal Soil Loss Equation (RUSLE) (Renard et al., 1997) and the detached sediment is routed from cell to cell through the basin to the outlet. Deposition of sediment in cells is also accounted for if the sediment load exceeds the effective transport capacity. The runoff calculations in the AGNPS model were replaced and augmented by those calculated in the WaSiM model. Figure 1 illustrates the coupling: (a) overland runoff generated from both excess infiltration and saturated surfaces simulated in WaSiM replaces the CN overland runoff in AGNPS. (b) channel flow is supplemented with the discharge from interflow and baseflow.
These flows calculated for each sub-basin in WaSiM are distributed evenly along the channel segments for each sub-basin in AGNPS. Table 1 shows differences in the input data requirements for precipitation and antecedent soil moisture conditions. The Richards equation was used for the hydrological simulations for the small basin (Schäfertal) and the Green & Ampt/TOPMODEL approach for the medium-sized basin (Lumda). Constant for total basin depending on baseflow (Lutz, 1984) Spatially distributed IDW = inverse distance weighting.
Sensitivity analysis
A sensitivity analysis was carried out on parameters influencing the discharge volume from the river basin. The sensitivity S is a relative estimate of a simulation output result O as a function of a relative change in a model input variable I (modified from McCuen, 1973) :
where i is the calculation number and n is the total number of calculations. The calculations are varied by incrementing (or decrementing) the input variable I i and comparing the change in the output variable O i . The term I 1 is the smallest (or largest) starting value and O 1 is its corresponding output.
Description of study areas
The model coupling was carried out on two river basins in central Germany representing two different scales: a small basin-Schäfertal stream (area = 1.44 km 2 ) and a medium-sized basin-Lumda river (area = 128.9 km 2 ). The Schäfertal stream is located in the Harz mountains, 150 km southwest of Berlin. The orthic Luvisols and Cambisols, which have developed on the loess sediments on the slopes are used intensively for agriculture. The eutric Gleysols and Fluvisols at the valley bottoms are utilized for pasture or meadow. The average annual total precipitation and mean air temperature are 680 mm and 6.8°C, respectively. Maps of the basin topography, land use and soil types are given in Fig. 2 . An extensive datasampling programme is present to characterize processes of runoff generation and nutrient transport and to aid model calibration and validation. At the basin outlet, continuous measurements of discharge and automatic water sampling for sediment and phosphorus load are carried out. Daily measurements of precipitation and weekly measurements of the groundwater table are made at eight and 36 different stations, respectively, throughout the basin. Measurements of other meteorological and soil parameters (soil temperature and moisture using TDR-time domain reflectometry) are included in the sampling programme.
The Lumda River is located in the German state of Hessen and flows from the Vogelberg mountainous region into the Lahn River 8 km north of Giessen. The largest proportion of the basin consists of Tertiary basalt. Slate constitutes only a small portion along the western edge of the basin. The bedrock consists largely of Quaternary loess which overlays a layer of loam (weathered material from the basalt and slate) of 10-m mean thickness. A base-rich Cambisol dominates the soil type with a wide distribution of loess-loam Luvisol as well. Pelosols are also found along the western basin region. The flood plains and the stream valleys consist of Gleysol and wet gley soils with a high groundwater table. Approximately 30% of the land is arable, of which three-quaters is used for grain crops; other land uses include grassland (27%), forest (38%) and urban and other areas (5%) (see Fig. 3 ). The average annual total precipitation and discharge are 739 mm and 231 mm, respectively. Mean fertiliser application was 133 kg N ha -1 year -1 and 34 kg P ha -1 year -1 . Data from a two-year measuring period (April 1991 -March 1993 were used for the validation of the sediment and nutrient transport components of the modelling approach (see also Rode & Frede, 1997) . Discharge and sediment as well as phosphorus concentrations were sampled automatically at the basin outlet. Figure 4 shows good agreement between measured and simulated discharge for 1994 and 1995 at the Schäfertal stream outlet. Simulations using the Richards equation gave the best fit to measured values, compared to the Green & Ampt/TOPMODEL and CN approaches. Mining in the region has strongly influenced the groundwater table making it difficult to use the TOPMODEL approach (compare Campling et al., 2002) , which assumes that the groundwater table surface is parallel to the topographic surface. Figure 5 gives a comparison of the spatial overland runoff calculated using the CN and the Richards equation methods. Both calculations are based on the same number of grid cells and grid sizes. However, the CN runoff is strongly correlated to land use. A larger variation in the spatial distribution of runoff is achieved with the Richards approach, because other parameters, such as topography and soil type, have a greater influence on the simulation. 
RESULTS AND DISCUSSION
Schäfertal (small-scale) River basin
Model coupling advantages
The advantages in using such a coupling to incorporate a more differentiated, physically-based runoff into a nutrient loading model should be highlighted: (a) a differentiated spatial runoff distribution allows a more spatially distributed transport of substances to be simulated in a river basin. Since CN is derived from empirical relationships based on land use, the runoff distribution will be very dependent on the land use. This is particularly evident in Fig. 5 , which shows the Schäfertal River basin partitioned into five different land-use types. The WaSiM model allows greater weight for other factors that influence runoff, such as topography and spatially-distributed antecedent moisture, to be incorporated into the simulation, which then gives a more differentiated and distributed DP transport (Fig. 6 ). Soil moisture measurements by TDR, along sloped transects verify the location of simulated areas of saturated surfaces, especially in the vicinity of the channel. Figure 7 shows the ANOVA (analysis of variance) calculation constructed from daily samples of soil moisture of 11 TDR sampling points along a cross-section of the lower basin valley. The sampling duration is 20 months. The saturated surfaces
Hortonian runoff
Hortonian runoff graph shows a typical situation in which points of very high soil moisture occur in the vicinity of the channel and channel banks. These soils have porosities of approximately 40%; hence, the soil moisture values indicate saturated (if not slightly oversaturated) conditions. This situation is also reflected in the WaSiM model where saturated runoff is simulated in the thalweg. The CN procedure generates only a very slight amount of runoff along the channel banks since these areas have been parameterized as pasture. The average soil moisture along the boundary ridges were also higher than those measured along the slopes; however, they never reached saturation. This indicates that these areas are more susceptible to the Hortonian runoff generating mechanism. Unlike the CN procedure, which calculates a runoff for both the ridge and the slope, the WaSiM model can restrict the Hortonian runoff simulation to the ridges only. Hence, the WaSiM simulations, which capture the spatial heterogeneity of runoff more accurately, are plausibly allowing an improvement to be made in the simulation of runoff generating regions. Ollesch et al. (2003) obtained similar results in another small-scale basin in Russia. Sensitivity to DP yield [-] Fig. 8 Sensitivity analysis of CN and (a) three main parameters used for calibrating the Richards approach (c k : maximum relation of relative hydraulic conductivity between neighbouring layers; d r : interflow drainage density; and k rec : recession constant for saturated hydraulic conductivity); and (b) three parameters used to describe DP transport (P RMV : runoff movement rate; P DMV : leaching movement rate; P pore : base concentrations in pore water; and P soil : base concentrations in soil). The analysis is in relation to either (i) total discharge volume or (ii) soluble phosphorus yield at the river basin outlet.
(b) the curve number, CN is a very sensitive parameter and overshadows the importance of the erosion model parameters. Figure 8(a) shows the results of a sensitivity analysis of the parameters using the CN approach or the Richards equation. The parameters were chosen for the sensitivity analysis because they are used for model calibration according to recommendations from the WaSiM manual and the authors' own modelling experience. Sensitivities of the parameters CN, the movement rates of runoff (P RMV ) and leached (P DMV ) DP and the base concentrations in the pore water (P pore ) and soil (P soil ) on specific soluble phosphorus yield are given in Fig. 8(b) . Here one can see the overwhelming sensitivity of CN compared to the other parameters. Using the WaSiM coupling allows the sensitivities to be distributed more evenly among the parameters, giving all parameters a higher identifiability for the model simulations. (c) the WaSiM model allows spatially-differentiated data, such as precipitation, to be used as model driving forces and provides a more accurate input of initial conditions, such as antecedent moisture (see Table 1 ). Figure 6 shows the DP yield from the Schäfertal River basin calculated from the two methods: (a) using AGNPS only (CN runoff + DP transport) and (b) WaSiM + AGNPS (runoff simulated using the Richards equation + DP transport). In the first method, in which the CN method is used to calculate the runoff, the DP loads, like the runoff, reflect very closely the land-use coverage. A greater differentiation of the DP loads is achieved with the second method, in which the Richards equation was used to calculate runoff. The yield is generally low, with "hotspots" occurring in areas of high surface runoff generation (cf. Fig. 5 ). The modelled source areas for DP do not conform to the source areas for sediment and particulate phosphorus that are characterized by steep slopes and mid-slope position (Ollesch et al., 2004) .
This demonstrated that the modification to determine the phosphorus critical source areas using an additional hydrological component compares well with the study of Weld et al. (2001) , who extended the P-index estimate (Lemunyon & Gilbert, 1993) assuming that surfaces closer to the channel have a high probability of saturated runoff generation. However, Weld et al. (2001) incorporated only one type of runoff generation component based on statistical return periods of saturated surface runoff potentials. The approach described here includes both saturated and Hortonian runoff based on physical descriptions of these processes. Figure 9 emphasises the importance of simulating both Hortonian and saturated overland runoff. Most of the overland runoff from the 12 March 1992 storm (total precipitation = 33 mm; erosion index (defined as total precipitation energy × maximum 30-min intensity) = 2.1 N h -1 ) occurred from saturated surfaces, as shown by the higher surface runoff in close proximity to the channels. This has been verified by observations and previous studies (see Rode, 1995) . These results are typical for low intensity storms during winter months when soils are very moist and soil temperatures are above freezing (see also Anderson & Burt, 1990; Borchardt, 1982) . The lower antecedent soil moisture and the larger storm-covered area and higher storm intensity during the 20 June 1992 event (total precipitation = 44 mm; EI = 20.9 N h -1 ) resulted in mostly Hortonian overland runoff, with runoff more distributed throughout the central and western parts of the basin. This, too, was observed and documented in previous studies (see Rode, 1995; Rode & Frede, 1997) . It must be emphasised that relying on the SCS curve number alone would only capture the overland runoff situation from the summer event; the saturated surfaces that occurred during the winter event would not have been predicted. Dissolved phosphorus removed from the soil is also indicated in Fig. 9 and, as expected, correlates closely with the surface runoff. Hence, during the winter storm, DP is largely transported from surfaces near the channels. The high intensity summer storm resulted in a more basin-distributed DP removal due to the fact that most runoff was generated from excess infiltration.
Lumda (medium-scale) River basin
Correlations between simulated results and field measurements of water and DP discharge at the basin outlet are shown in Fig. 10 using the two types of runoff simulation before carrying out the nutrient calculations: (a) CN method and (b) WaSiM (Green & Ampt/TOPMODEL). The WaSiM simulations gave better agreement with field measurements for all the discharged variables. Runoff calculated using a more physically-based model, which includes lateral unsaturated flow (interflow), appears to be more reliable than those calculated empirically by the CN method. Good agreement is obtained for DP since runoff simulations correlated well with measurements (see equation (1) 
CONCLUSIONS
The AGNPS model is an erosion model, whose hydrology is kept simple by calculating only overland runoff with an empirical relationship. In the WaSiM model, (a more physically-based hydrological model), this component is replaced and additional components, interflow and baseflow, in the erosion model are supplemented. This proved to be a fruitful endeavour for the following reasons: (a) correlations between simulated and measured discharges of flow, sediment and DP at the basin outlet (Lumda) are improved; (b) overland runoff generated from both excess (Hortonian) infiltration and saturated surfaces (Lumda and Schäfertal) are included in the hydrological description; (c) sources and transfer paths of DP in the basins are better differentiated spatially leading to a more accurate quantification of river basin DP yields; and (d) the parameters used for the simulation are better identifiable by distributing their sensitivities to model outcome more evenly. This model approach is, for phosphorus management in general, an improvement in simulating phosphorus transport. Weight is not given exclusively to one of two factors, such as land use, for P-loading. The weighting can now include the importance of additional factors such as topography, antecedent moisture and soil characteristics.
In an ongoing study, the coupling is being extended to include the model ANIMO (Groenendijk & Kroes, 1999) , which will characterize the phosphorus turnover on a physical basis. This will be tested first for the Schäfertal catchment for which an extensive data set has been compiled. The data will include the fertilizer application rate and spatial heterogeneity of parameter settings such as phosphorus content in the topsoil.
